While ozonation is not a new technology, it has not been extensively applied to the problems of livestock Swine manure slurries were ozonated at a dosage of 1 g/L and waste management, although ozone effectively reduces tested for their toxicity to the house fly (Musca domestica ). The the odor and decreases the numbers of pathogenic orobserved toxicity of ozonated swine manure was consistent and independent of origin of the swine manure. A dose (dilution) response ganisms, including E. coli (Wu et al., 1998(Wu et al., , 1999; Watkins curve was performed. A 50% dilution in the ozonated swine manure et al., 1997) in livestock waste slurry. In greenhouse slurry resulted in 90% reduction in toxicity. Neither the synthetic nor studies, it has been shown that ozonated swine waste ozonated synthetic swine manure, both of which contained higher slurry is not phytotoxic to field corn, wheat, and soyconcentrations of formaldehyde and three other unidentified carbonyl beans when applied as a fertilizer at conventional rates compounds than the ozonated swine manure, were toxic to the flies. (Roman et al., 1998) . During the course of these studies, ozonated slurry is toxic, the following hypotheses were Six animal manure slurries (beef and dairy cattle, horse, poultry,
ganisms, including E. coli (Wu et al., 1998 (Wu et al., , 1999 ; Watkins curve was performed. A 50% dilution in the ozonated swine manure et al., 1997) in livestock waste slurry. In greenhouse slurry resulted in 90% reduction in toxicity. Neither the synthetic nor studies, it has been shown that ozonated swine waste ozonated synthetic swine manure, both of which contained higher slurry is not phytotoxic to field corn, wheat, and soyconcentrations of formaldehyde and three other unidentified carbonyl beans when applied as a fertilizer at conventional rates compounds than the ozonated swine manure, were toxic to the flies. (Roman et al., 1998) . During the course of these studies, ozonated slurry is toxic, the following hypotheses were Six animal manure slurries (beef and dairy cattle, horse, poultry,
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sheep, and swine) were ozonated (dosage of 1 g/L) and tested for toxicity to the house fly. Ozonated dairy cattle manure slurry showed
• Ozonated swine manure contains a toxic agent that 78% mortality after 72 h, whereas ozonated swine manure slurry is toxic to the house fly. • The toxic agent was in the aqueous fraction of the manure.
• Other livestock manures, when ozonated, would also O zone (O 3 ) is a powerful oxidizing agent. This uncontain this toxic agent. stable gas can be produced from either air or oxygen, usually by corona discharge. In water, ozone rapidly MATERIALS AND METHODS decomposes to form secondary oxidants, the most important being the hydroxyl radical. Ozone reacts with Manures C-C double bonds, C-N bonds, aromatic and heterocyPoultry, horse, and sheep manure used in this study were clic groups, aldehydes, ketones, alcohols, and hydrocar- dysfunction of the virion capsid (Block, 1982) . Ozone Dairy cattle and beef cattle manures were collected from has been effectively used for the disinfection of municithe storage pits at the Dairy and Beef Cattle Teaching and pal drinking water and for the treatment of industrial Research Centers, respectively, Michigan State Univ., East Lansing, MI. Dairy cattle manure slurry was darker in color effluent and sewage (Debevec, 1990; Zimmerman and and thicker than beef cattle manure slurry. Richard, 1990; Fressonnet-Chambarlhac et al., 1983;  Swine manure was collected from the Swine Teaching and Hann, 1983) . Ozone has also been effective in treating Research Center, Michigan State Univ., East Lansing, MI. It the chill water for broiler carcasses, extending their was taken from near the bottom of the storage pit and was shelf-life and reducing pathogenic organisms (Walcomposed of urine, feces, excess feed, and rinse water. For droup, 1996) . Ozone has recently been used in aquaculselected experiments, urine and feces were collected as the ture to control mycobacterium infections in closed recyanimal urinated or defecated.
cled water systems for bass production and for treating Synthetic manure was prepared according the recipe given the waste effluent from aquaculture rearing systems in Table 1 . The concentrations used were based upon work (Camus, 1996; Handwerker, 1996) . published by Yasuhara (1980) and Wu et al. (1998) . All manure samples were stored at 4ЊC. Sample collection, ozonation, and toxicity testing of all manures were coordinated to mini- applied ozone dosage. An applied ozone dosage of 1 g/L was chosen for all toxicity testing based on earlier studies by Wu et al. (1998) indicating that this dosage resulted in a significant the flies to land on the edge and imbibe the liquid. The flies were provided with solid food ad libitum (50% powdered milk reduction in the odor of swine manure. At this dosage, the mass transfer of ozone into the reactor is approximately 95% and 50% powdered sugar). The number of dead flies were counted twice daily with each treatment and removed from (Wu et al., 1998) .
Aqueous ozone concentrations were not monitored because the cage. All experiments were conducted in duplicate (two cages, with approximately 30 to 35 flies per cage). One addithe high solids concentrations present in and the highly colored nature of the waste would have interfered with all colorimetric tional experiment was conducted with seven replicates to ensure that the percent mortality was reproducible. Additionally, and titrimetric methods for ozone analysis. No attempt was made to control the pH of manure slurries during or after the another experiment was conducted in which swine manure was collected from two different storage pits to test the hypothozonation process.
esis that toxicity of swine manure was independent of the storage pit. The toxicity was expressed as percentage of the
Fly Toxicity Studies
mean dead flies over the experimental time period plotted as Bioassays to test for toxicity were performed using newly the abscissa. hatched domestic house fly pupariae, which were obtained Ozonated swine manure slurry was diluted in deionized from SC Johnson Wax Co., Racine, WI. Fly pupae were water. The following percentages of ozonated slurries (1.0 g hatched in the control cage 3 or 4 d prior to commencement O 3 /L slurry) were used: 100, 75, 50, 25, 12.5, 6.25, and 3.125%. of toxicity studies. Thirty to thirty-five flies were moved to Adult flies were provided with the diluted slurry as the sole small screened cages (1 ϫ 1 ϫ 1 ft [0.3 m]). The cages were source of moisture. placed in an isothermal room (20ЊC) into which food (powTo determine if the toxicity of ozonated manure slurry is dered sugar and powdered milk, 50:50 w/w) and water or the present in the urine or the feces of growing pigs, a series of test slurry was placed. Fly toxicity studies were terminated bioassays were conducted. Fresh urine and feces were colwhen 100% mortality was achieved or after 72 h of experilected from growing pigs in the building being serviced by mentation, whichever was achieved first. All toxicity experithe storage pit where we consistently demonstrated a toxic ments were conducted with a nontreated sample control and a response of the flies to ozonated manure. The urine and feces water control. The mortality was calculated using the Abbott's were pooled and water added to the feces to approximate the formula: dry matter of the waste slurry in the storage pit. The fresh waste slurry (feces with water) was then ozonated and its toxicity compared with that of the ozonated swine waste slurry
recovered from the storage pit. The urine was also ozonated and tested separately. where p cont is the mean control response, p exp is the mean To identify the agents in ozonated swine waste slurry reexperimental treatment response, and p corr is the mean experisponsible for the toxicity to flies, the ozonated swine waste mental treatment response corrected for control response slurry was subjected to physical treatment to either fractionate (Rosenheim and Hoy, 1989) . The mean responses were calcuor eliminate the agent. First, the crude swine slurry was centrilated by averaging the observed proportion responding across fuged at 20 000 ϫ g (Du Pont Sorvall [Newtown, CT] RCreplicates: 5B) for clarification and passed through a Millipore (Bedford, MA) filter (0.45 m). The resulting supernatant was bioas-
sayed for toxicity with the flies. The second treatment involved heat. If the ozonated swine manure slurry contained a pathogenic bacillus, then a two-step heat treatment would result in where r i is the number of dead flies out of n i total flies in the inactivation of spores released during the first treatment. replicate i ϭ 1, 2,..., I. The mortality values were corrected Twenty-milliliter samples of the raw and ozonated slurries using a mean control mortality of water or untreated conwere first heated at 60ЊC for 1 h to induce the sporulation. trol slurries.
Following this, the samples were heated at 100ЊC for 15 min To characterize the toxicity of ozonated swine waste slurry, as a heat shock. Generally, the heat-resistant spores require a series of no-choice bioassays were conducted. Adult flies a heat shock of 75 to 100ЊC for 5 to 20 min in order for spores were provided with raw livestock slurry, ozonated livestock to germinate (Doyle et al., 1997) . The flies were then exposed slurry, synthetic swine manure, or ozonated synthetic swine to the heat-treated slurries. slurry, or water as the sole source of moisture. The slurry (6.0 mL) was placed in small Petri dishes (35 ϫ 10 mm) to allow
To determine if a fungus was the active agent causing the ties of diluted ozonated slurries were corrected using the mortality using water as the control.
due to water (control).
acute toxicity to the flies, an experiment in which serial dilutafluorobenzyloxylalmine (PFBOA) derivation method (Glaze tions of the ozonated and raw slurries was prepared in 1% et al., 1989) . peptone buffer until a 1:1000 dilution was obtained. Rose Bengal agar (Difco Laboratories, Detroit, MI) was used to grow the fungi, using the pour plate method. The plates were
RESULTS AND DISCUSSION
incubated at 29ЊC for 6 d to determine if fungi were present
In experiments conducted where fasted flies (ca. 35 in the manure slurry.
per cage) in seven cages were exposed to ozonated swine
The slurry was also fractionated using a C-18 column and manure slurry, the percentage mortality observed after (Fig. 2) indicate that the toxicity is consistent and reproto the C-18 material were eluted with 10 mL of 50/50 (by ducible, suggesting that a chemical agent toxic to flies volume) ethanol/NaH 2 PO 4 (0.05 M ), followed by distilled wais being produced in the swine waste slurry during ozoter. The sample was stored for analysis (Thurman and Mills, nation. 1998).
Gas chromatography was accomplished using an autosystem A dilution (dose) response curve has been performed (PerkinElmer, Norwalk, CT) equipped with a capillary column (Fig. 3) showing that when the ozonated swine slurry (30 m ϫ 0.25 mm DB 624; J&W Scientific, Folsom, CA) and was diluted to 25% slurry (75% water), the toxicity was an electron capture detector. Helium was used as a carrier reduced to below 10%. The ozonated swine manure, gas, at a flowrate of 3 mL/min. The injector and detector diluted to 12.5% or less, was not toxic to the flies. This temperatures were 150 and 250ЊC, respectively. The oven was suggests that there is some threshold concentration beoperated at an initial temperature of 50ЊC and then ramped low which the potential chemical(s) is (are) not toxic to 220ЊC at a rate of 5ЊC/min. The temperature was then held to the flies. Further studies revealed that centrifugation at 220ЊC for 1 min before the run was terminated. The aldefollowed by filtration using a 0.45-m filter did not rehydes were extracted from the slurry using the O- 2,3,4,5-pen- move the toxic agent (Fig. 4) , suggesting that the toxic agent was in the liquid phase. manure. More flies seemed to survive the first day, although those surviving the first day appeared to die on the second day, so that the mortality rate over the two To isolate the origin of the toxic agent (i.e., in the days was essentially unaffected. The data suggest that urine or feces), the liquid urine and the solid feces were heating the raw manure slurry did not induce sporulacollected separately and tested. These studies reveal tion of a toxic pathogenic bacilli that might have been that the urine, rather than the solid feces, contains the present. If a toxic bacillus had been the cause of death, toxic agent (Fig. 5) .
then heat treatment should have resulted in a dramatic A number of researchers (e.g., Johnson et al., 1998;  increase in the toxicity of the manure, because heat Hodgman et al., 1993; McGaughey and Johnson, 1987) would induce sporulation. These results appear to suphave identified numerous isolates of Bacillus thurinport the following conclusions. First, it is likely that giensis as being toxic to house flies. Several experiments
Bacillus thuringiensis was not present in the ozonated were conducted to determine if a biological agent was swine slurry. Second, it is also likely that if Bacillus the cause of the toxicity. As shown in Fig. 6 , the sterilizathuringiensis were the cause of the toxicity, the toxins tion of swine urine and ozonated swine urine had no released, which are proteins (Ogiwara et al., 1992), effect on toxicity. As such, it was unlikely that a biologiwould have been denatured by the second heat treatcal agent from the urine was the cause of the toxicity ment, thereby reducing the toxicity of the ozonated of the swine urine. swine manure. In another experiment, bacteria were cultured from Two fungi types were isolated (but not identified) flies that died during exposure to the ozonated swine from the raw slurry but no fungi were isolated from the manure slurry to determine if a bacterium in the manure ozonated slurry. As such, it does not appear that fungi slurry was the cause of death. After growing the bactewere the cause of the toxicity in the ozonated slurry. ria, four test samples and a control were selected and Another possibility is that the toxic agent is chemical fed to unexposed flies. Of the approximately 150 flies in nature, possibly ammonia and/or hydrogen sulfide. in the five cages, there were only two deaths: one in Ammonia, which is present in swine urine, has been the cage containing only broth and one in the cage found to be toxic to fish and invertebrates (Fava et al., containing the raw slurry. Because the number of deaths 1982) and to cattle (Darvidovich et al., 1977;  Bartley, that occurred within 48 h of exposure was small, it ap-1981; Short and Edwards, 1989) . Hydrogen sulfide, also pears that the toxic agent was not present among the found in livestock urine, is a highly toxic and malodorbacteria tested.
As shown in Table 2 , heat treatment at 60 or 100ЊC ous gas (Tchobanoglous and Burton, 1991) . When mo- lecular hydrogen sulfide dissolves in water, the H 2 S distracted using hexane, a nonpolar solvent. The aqueous fraction was tested for toxicity. As can be seen in . The proportion of H 2 S in waste 8, the raw urine and the hexane-extracted raw urine had essentially the same degree of toxicity at all time increases when the pH decreases. A reduction in pH from 7 to 6 results in a doubling of molecular hydrogen intervals tested. The ozonated urine had a slightly higher toxicity than the hexane-extracted ozonated urine (for sulfide concentration (Xue et al., 1998) . Ammonia was removed by raising the pH of the slurry to greater than 24-and 48-h intervals), suggesting that extraction of the urine with hexane did not remove the majority of the 10 and then purging it with nitrogen. Hydrogen sulfide was eliminated by reducing the pH to below 6 and then toxic agent. As it appears that the compound is too polar to partition effectively into hexane, solid phase by purging with nitrogen. By raising the pH to above 10 and purging with nitrogen, then lowering it to below 6 extraction of the compound was also attempted. As shown in Fig. 9 , C-18 sorbent was effective for the reand purging with nitrogen, both species were eliminated, thereby allowing us to test the combined effect of ammomoval of the toxic fraction in the ozonated swine slurry. The slurry that was treated with C-18 sorbent was found nia and H 2 S. The pH of the slurries was readjusted to approximately 8.1 (the original value) prior to toxicity to have significantly lower toxicity than the ozonated swine manure. The toxicity of the eluent was compared testing with the fly assay to ensure that any observed toxicity was not due to the pH modification. As shown with an aqueous control in which water was passed through the C-18 column. Future work will focus on in Fig. 7 , it is apparent that neither ammonia, hydrogen sulfide, nor the combination of these species is the toxic attempting to recover the toxic fraction from the C-18 sorbent. agent. However, future work should be conducted to determine if organic sulfides are present and if these Studies were also conducted to determine if the observed toxicity was unique to ozonated swine manure have similar insecticidal properties as 2-methoxy-5-phenyl-1,3,2-oxazaphospholidine 2-sulfide (5-PMOS) (Hir- or if other types of ozonated manure were also toxic to flies. As such, dairy cattle, beef cattle, sheep, horse, ashima et al., 1992 As such, dairy cattle, beef cattle, sheep, horse, ashima et al., , 1993 .
In order to determine if the toxic agent is polar or and poultry manure were ozonated and tested for their toxicity. As shown in Table 3 , only ozonated dairy cattle nonpolar, the unozonated and ozonated urine was ex- manure had an observed toxicity similar to that of ozowere toxic to the flies, it does not appear to be formaldehyde or the other aldehydes detected that are the toxic nated swine manure. The toxicity of the ozonated swine manure was also compared with that of the unozonated agent(s). This is consistent with the work of Reed et al. (1994 Reed et al. ( , 1995 Reed et al. ( , 1996 and Mpuru et al. (1996) , who showed and ozonated synthetic ozone manure. Neither the ozonated nor unozonated synthetic swine manure were that the house fly is able to transform the several aldehydes to their corresponding hydrocarbons and carbon found to be toxic to the flies.
Because the formation of aldehydes (including formdioxide. Apparently, none of the aldehydes tested was toxic to the house fly. However, in work of Rice and aldehyde and glyoxals) during the ozonation of organic material (Schmidt et al., 1999; Carlson and Amy, 1998; Coats (1994) , of the 22 monoterenoids tested, the aromatic and acyclic aldehydes were found to be topical Miltner et al., 1992; Zhou et al., 1992 ) is well documented, another possible toxic agent was an aldehyde.
toxicants to the house fly. Gas chromatographic-mass spectroscopic (GC-MS) While the toxicity of aldehydes to insects and invertebrates has not been researched, the biological effect of analysis of the ozonated swine manure revealed that several polar organic chemicals are formed in increasing formaldehyde and acetaldehyde to humans, mammals, and microorganisms is well documented. The LD 50 of concentrations as the ozone dosage is increased. These compounds include heptyl ester; formic acid; 1-(2-aminoformaldehyde on E. coli is 1 mg/L and the toxic threshold concentration of acetaldehyde for cell multiplication phenyl)-ethanone; 7-methoxy-2,2,4,8-tetramethyltricycol undecane; cubenol; 1-(2-aminophenol) ethanone; butylinhibition of the protozoa, Uronema parduczi, is 57 mg/L (Verschueren, 1983) . ated hydroxyanisole; and bis(4-methyoxyphenyl)-diazene. Subsequent work will also focus on determining Formaldehyde and three other unidentified carbonyl compounds were detected using gas chromatography the toxicity of these compounds. (electron capture detection). The concentrations of formaldehyde in the ozonated synthetic swine manure were trations of these compounds than the swine manure, Stanislaus is greatly appreciated. 
